Plant architecture, a collection of important agronomic traits that determine grain production in rice, is affected by various factors, including plant height, tillering, and panicle morphology ([@r1][@r2]--[@r3]). Rice breeders have attempted to improve plant architecture in compliance with grower demands. In over 100 years of Japanese rice cultivation, breeders have developed many rice varieties with plant architectures that can be briefly categorized into 2 categories: the panicle number type (large number and small-sized panicles with short plant stature) and the panicle weight type (small number and large-sized panicles with tall plant stature) ([@r4]) ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Although varieties with both large panicle numbers and large size are desirable, this is difficult to achieve in practical breeding because of the complex correlation between components of plant architecture and the trade-off between number and size ([@r5], [@r6]).

Principal component analysis (PCA) is an effective means of extracting key information from phenotypically complex traits that are highly correlated while retaining the original information ([@r7], [@r8]). PCA can transform a set of correlated variables into a substantially smaller set of uncorrelated variables as principal components (PCs), which can capture most information from the original data ([@r9]). In this study, PCA was performed for rice architecture, and a genome-wide association study (GWAS) using PC scores was utilized to identify genetic factors regulating plant architecture. This approach was validated as effective in identifying causal genes associated with plant architecture.

Results {#s1}
=======

Phenotypic Analysis by PCA. {#s2}
---------------------------

A total of 169 *japonica* rice varieties grown in 2014 and 2015 were used in this study ([Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Eight traits related to plant architecture, including days-to-heading, culm length, panicle number, and 5 panicle-related traits (panicle length, rachis length, primary branch number per panicle, secondary branch number per panicle, and spikelet number per panicle) were measured ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). To investigate the relationships among trait variables and the factors underlying trait variation, PCA was performed for all 8 traits. For results in 2015, PC1 explained 62% of the trait variance ([Fig. 1*A*](#fig01){ref-type="fig"}). Except for the traits of days-to-heading and panicle number, the other 6 traits showed high positive loadings on PC1 (0.80--0.92), while panicle number showed negative loading (−0.54) ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}). This result suggested that plants with high PC1 scores exhibited long culms, large panicle sizes, and small panicle numbers, and vice versa. This corresponds to a trade-off relationship between panicle number and panicle weight. PC2 explained 16% of the total variance, and the loading on PC2 was high for days-to-heading (0.83) ([Fig. 1*A*](#fig01){ref-type="fig"}), suggesting that PC2 is representative of days-to-heading. This component was also loaded (0.55) with panicle number, which is consistent with the observation that prolonged vegetative growth due to late heading increases the number of panicles per plant. The PCA results for traits measured in 2014 were consistent with 2015 results ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)), suggesting that PC1 and PC2 can be used as quantitative indices to characterize plant architecture and heading date, respectively.

![PCA and GWAS for plant architecture. (*A*) Summary of the first 3 PCs (PC1, PC2, PC3) for 8 traits in the dataset of 169 *japonica* rice varieties. (*B*) Loading plot of PC1 and PC2. Red, blue, and green indicate clusters of panicle numbers, length-related traits (culm length, panicle length, rachis length), and number-related traits (secondary branch number, spikelet number, primary branch number), respectively. Circle corresponds to 100% of explained variance. Proportion of variances for PC1 and PC2 are shown in parentheses. (*C* and *D*) GWAS for PC1 (*C*) and PC2 (*D*) are shown using the data obtained in 2015. In Manhattan plots, horizontal dotted lines represent a significant threshold (*P* = 3.2 × 10^−7^). The positions of *NAL1* (*NARROW LEAF1*), *Hd1* (*HEADING DATE1*), and *OsGATA28* (*LOC_Os11g08410*) are indicated by black arrows; the red arrow (*C*) indicates a peak that was further analyzed.](pnas.1904964116fig01){#fig01}

GWAS for PC Scores. {#s3}
-------------------

The normality of 8 traits and PC scores was examined. The PCs (PC1 to PC3) displayed normal distribution and were suitable for GWAS; however, days-to-heading (2014, 2015), culm length (2014, 2015), panicle length (2015), and panicle number (2014, 2015) deviated significantly from normal distribution (shown in red in [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). These results indicated that PCA can transform skewed data to a normal distribution, which consequently improves the statistical power for application to GWAS. Using a linear mixed model with correction of kinship bias, GWAS was conducted for PCs and all 8 traits ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"} and [*SI Appendix*, Figs. S5--S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). GWAS for PC1 and PC2 identified a total of 15 peaks (*P* \< 3.2 × 10^−7^); however, significant peaks were not detected for PC3 ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)), which indicated that PC3 might be composed of nongenetic factors, such as variations caused by differences in the growth conditions of the plants. The significant peaks detected in GWAS for PC1 and PC2 are listed together with their phenotypic variance ([*SI Appendix*, Fig. S7 *E* and *F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental) and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Interestingly, 2 peaks with an effect of 0.12--0.17 on PC1 contained 2 genes, *NAL1* and *OsGATA28/LOC_Os11g08410*; these were previously identified as causal genes involved in plant architecture ([Fig. 1*C*](#fig01){ref-type="fig"}) ([@r10]). Furthermore, 1 peak with an effect of 0.21--0.39 on PC2 contained the flowering-time controller gene *Hd1* ([Fig. 1*D*](#fig01){ref-type="fig"}). These results supported our hypothesis that PC1 and PC2 could be good indicators for plant architecture and heading date, respectively.

Next, we focused on the highest peak of PC1, which was located at the terminal end of the long arm of chromosome (Chr) 8 (red arrows in [Fig. 1*C*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Local Manhattan plots and linkage disequilibrium (LD) analysis revealed that this quantitative trait loci (QTL) was delineated to 26.0--28.4 Mb and consisted of 2 peaks: 26.2--26.7 Mb (peak 1) and 27.9--28.2 Mb (peak 2) ([Fig. 2*A*](#fig02){ref-type="fig"}). The GWAS for culm length showed results similar to the results for PC1 ([*SI Appendix*, Fig. S8 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). It has been reported that 2 possibilities can account for multiple peaks in 1 LD region: Multiple causal variants in different peak regions are independently associated with phenotypic variation or only 1 peak contains causal variants accompanied by false-positive peaks due to an indirect synthetic association induced by a confounding genetic background ([@r10][@r11]--[@r12]). As the latter case was considered to be more likely, we conducted another GWAS for culm length using a different population consisting of 133 *japonica* rice varieties ([Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). A significant peak was detected at the same region of Chr 8 (*P* = 5.0 × 10^−7^) (red arrow in [*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)); however, the local Manhattan plot contained only peak 2 ([*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). This strongly suggested that peak 1 was caused by a spurious association with peak 2, which was due to the complex genome structure of the 169 accessions.

![Isolation of the causal gene of the highest peak on Chr 8 using the data obtained in 2015. (*A*) Local Manhattan plot (*Top*) and LD heat map (*Bottom*) for peaks on Chr 8. The red arrow (*Top*) indicates the position of *OsSPY*. The yellow to red gradient (*Bottom*) indicates the range of *r*^2^ values. (*B*) Exon-intron structure and DNA polymorphism of *OsSPY*. (*C*) *O-*fucosyltransferase activity of OsSPY using SLR1 as a substrate. The activity of OsSPY produced by Hap_I or Hap_II was measured (*n* = 3). (*D*--*M*) Box plots for PC scores and the following 8 traits: PC1 (*D*); PC2 (*E*); days-to-heading (*F*); culm length (cm) (*G*); panicle length (cm) (*H*); rachis length (cm) (*I*); primary branch number per panicle (*J*); secondary branch number per panicle (*K*); spikelet number per panicle (*L*); panicle number per plant (*M*). Box edges represent the 0.25 and 0.75 quantiles, with the median values shown by bold lines. Whiskers extend to the most extreme point, which is no more than 1.5 times the interquartile range. Differences between haplotypes were statistically analyzed using Welch's *t* test (n.s., not significant; \*\**P* \< 0.01). Numbers of plants carrying Hap_I and Hap_II are shown in parentheses in *D*.](pnas.1904964116fig02){#fig02}

For further isolation of causal genes, all polymorphisms in the peak 2 region were studied. There were 571 polymorphisms, with 34 mapping to the coding region of 14 genes ([Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)), which could induce the changes in gene function. Among these, we focused on one gene, *LOC_Os08g44510*, which is annotated as *N*-acetyl glucosamine transferase or rice *SPINDLY* (*OsSPY*). This gene functions as a negative regulator of gibberellin (GA) signaling and modulates plant growth and development ([@r13][@r14]--[@r15]). Two haplotypes were identified in the GWAS panel; these were designated haplotype I (Hap_I) in the Nipponbare (NP) reference genome and the alternative, Hap_II ([Fig. 2*B*](#fig02){ref-type="fig"}). Another haplotype, Hap_III, was predominant in *indica* genomes (see below). The polymorphisms induced 2 amino acid exchanges (S9T and R833L). The corresponding residue of S9 is not conserved in plant species, suggesting that S9T may not impact protein function ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). In contrast, R833 is located at the C-terminal end in a well-conserved region of the enzymatic domain ([@r15]).

The effect of R833L on the *O-*fucosyltransferase activity of OsSPY was examined using a rice DELLA protein, SLR1, as a substrate as described previously ([@r15]). A truncated OsSPY containing the 3 C-terminal repeats of tetratricopeptide and the enzymatic domain from residues 317--928 (with or without the replacement of R833L) was produced in *Escherichia coli* for enzyme assays ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). The 3TPR-OsSPY^Hap_I^ showed a significantly higher enzymatic activity than 3TPR-SPY^Hap_II^ ([Fig. 2*C*](#fig02){ref-type="fig"}), indicating that the R833L exchange partially diminished OsSPY activity.

The average PC1 score for varieties carrying Hap_II of OsSPY was significantly higher than for those carrying Hap_I ([Fig. 2*D*](#fig02){ref-type="fig"}); however, this was not the case for PC2 ([Fig. 2*E*](#fig02){ref-type="fig"}), confirming that *OsSPY* is only associated with PC1. Next, we examined the haplotype effects on 8 phenotypic traits. No difference between haplotypes was observed for days-to-heading ([Fig. 2*F*](#fig02){ref-type="fig"}). Compared to plants harboring Hap_I of *OsSPY*, Hap_II varieties showed increased length of culm/panicle/rachis, larger numbers of primary branch/secondary branch/spikelet per panicle, and reduced panicle numbers ([Fig. 2 *G*--*M*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)).

Involvement of *OsSPY* in Plant Architecture. {#s4}
---------------------------------------------

To confirm the effect of *OsSPY* on plant architecture, we attempted to knockout *OsSPY* by CRISPR-Cas9. However, with one exception none of the CRISPR/Cas9 knockout plants could grow; knockout plants with a 4-base pairs (bp) deletion in the 14th exon exhibited constitutively elongated internodes in the young seedling stage and immediately died ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Next, we generated *OsSPY*\_RNAi plants to examine the effect of *OsSPY*. The RNAi plants did not show seriously abnormal phenotypes at the vegetative stage, but displayed a spindly phenotype with development of gravely aberrant panicles at the heading stage ([Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). These studies confirmed that a decrease in *OsSPY* function results in GA overdose phenotypes, which has been previously reported ([@r13]).

We introduced the entire genomic region of Hap_I or Hap_II into NP and Omachi (OM), which carry Hap_I and Hap_II of OsSPY, respectively, and produced 4 different combinations of transformants. The NP plants transformed with Hap_I (NP\_*OsSPY*^Hap_I^) showed semidwarf or dwarf phenotypes; one plant showed severe dwarfing at the young seedling stage ([*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). At the heading stage, transgenic NP and OM plants showed essentially the same phenotypes ([Fig. 3](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). The culm length of plants transformed with Hap_II (*OsSPY*^Hap_II^) was not significantly different from that of control plants. However, *OsSPY*^Hap_I^ plants exhibited a shorter phenotype ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S15 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)), which was consistent with the observation that varieties carrying Hap_I exhibited shorter culm lengths than Hap_II plants ([Fig. 2*G*](#fig02){ref-type="fig"}). In general, *OsSPY*^Hap_II^ showed no significant differences from controls for panicle structural traits, but OM plants transformed with Hap_II displayed decreased secondary branch and spikelet numbers relative to controls ([Fig. 3 *C*--*I*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S15 *C*--*I*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). In contrast, all *OsSPY*^Hap_I^ plants showed a significant decrease in panicle and rachis length, lower numbers of primary and secondary branches and spikelets, and an increase in panicle number compared with controls or *OsSPY*^Hap_II^ plants. These findings suggested that higher OsSPY activity suppressed GA signaling, resulting in lower culm length and smaller panicle size but larger panicle numbers.

![Phenotypic analysis of plants transformed with Hap_I or Hap_II of *OsSPY*. OM carrying Hap_II was transformed with an empty vector (VEC), Hap_I, or Hap_II. (*A*) Gross morphology at the heading stage. (Scale bar, 15 cm.) (*B*) Culm length (cm). (*C*) Panicle morphology. (Scale bar, 5 cm.) (*D*) Panicle length (cm). (*E*) Rachis length (cm). (*F*) Primary branch number per panicle. (*G*) Secondary branch number per panicle. (*H*) Spikelet number per panicle. (*I*) Panicle number per plant. (Error bars, SD; *n* = 10). Asterisks indicate significant differences (Welch's *t* test) when compared to VEC plants (OM transformed with empty vector). \**P* \< 0.05; \*\**P* \< 0.01 (n.s., not significant).](pnas.1904964116fig03){#fig03}

GA Signaling Regulates Rice Plant Architecture. {#s5}
-----------------------------------------------

OsSPY functions as a negative regulator by enhancing the activity of SLR1, a DELLA protein that is degraded due to the interaction between GA and its receptor, GID1, resulting in GA-mediated responses ([Fig. 4*A*](#fig04){ref-type="fig"}). Thus, the above findings indicate that GA signaling is a dominant regulator of rice architecture. To confirm this hypothesis, we produced 9 types of isogenic plant by stacking 2 mutant loci, *gid1-8* and *SLR1*^*A288V*^, which induced different levels of responsiveness to GA signaling in the T65 genetic background ([Fig. 4*B*](#fig04){ref-type="fig"}). The *gid1-8* locus was isolated as a weak mutant of *GID1* ([@r16]); in contrast, *SLR1*^*A288V*^ was isolated as a revertant of *gid1-8*, although it could not completely reverse the dwarfism or GA insensitivity caused by *gid1-8* ([*SI Appendix*, Fig. S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Further analyses revealed that the revertant had a single nucleotide polymorphism (SNP) designated C863T in *SLR1*, where A288 was substituted with V in the LHR1 domain ([*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). This polymorphism suppressed the function of intact SLR1 in a semidominant manner, resulting in enhanced GA responsiveness and growth rate ([*SI Appendix*, Fig. S18](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). The 8 traits related to plant architecture, as mentioned previously, were measured for the 9 isogenic plant types (4 plants per type) ([*SI Appendix*, Fig. S19](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)), and PCA was performed ([Fig. 4 *D* and *E*](#fig04){ref-type="fig"}). In general, the topology of the loading plot for the isogenic plants was very similar to that for the 169 varieties ([Figs. 1*B*](#fig01){ref-type="fig"} and [4*E*](#fig04){ref-type="fig"}), confirming that GA signaling is a major regulator of rice architecture. The loading vector of days-to-heading showed different directions in the 2 loading plots: in PCA for the isogenic plants, it showed high negative loading (−0.81) on PC1 ([Fig. 4*D*](#fig04){ref-type="fig"}), whereas for the GWAS panel, it showed high positive loading (0.83) on PC2 ([Fig. 1*A*](#fig01){ref-type="fig"}). This can be explained by the positive regulation of flowering by GA signaling ([@r17][@r18]--[@r19]) in isogenic plants with different levels of GA responsiveness, whereas the GWAS panel contained other allelic differences in genes associated with days-to-heading that are independent of GA signaling.

![GA signaling levels impact rice morphology. (*A*) Model of the GA signal transduction pathway in rice (see text for details). (*B*) Combinations of 2 mutations, *gid1-8* and *SLR1*^*A288V*^, in 9 isogenic plants. Arrows indicate the strength of GA signaling. (*C*) Plant and panicle morphology of 9 isogenic plants. Type I and type IX plants show the lowest and highest GA signaling, respectively. (Scale bar, 15 and 5 cm in plant and panicle images, respectively.) (*D* and *E*) PCA of 9 isogenic plants with different GA signaling levels. Results are presented as described in [Fig. 1 *A* and *B*](#fig01){ref-type="fig"}.](pnas.1904964116fig04){#fig04}

Transition of *OsSPY* Haplotypes during Domestication and Breeding. {#s6}
-------------------------------------------------------------------

The transitional processes of *OsSPY* haplotypes in domestication and modern breeding were studied by dividing varieties in the GWAS panel into the following 3 groups: 1) landrace and modern varieties developed 2) before and 3) after 1960 ([Fig. 5*A*](#fig05){ref-type="fig"}). The frequency of Hap_I increased with time, suggesting that *OsSPY*^Hap_I^ has been selected in modern breeding programs in Japan. We calculated the genome-wide Nei's genetic distance ([@r20]) between landraces and modern varieties and detected significant peaks ([Fig. 5*B*](#fig05){ref-type="fig"}), including the LD of *OsSPY* ([*SI Appendix*, Fig. S8*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). Furthermore, the haplotype frequency of *OsSPY* was studied for Chinese landraces and modern temperate *japonica* varieties in the 3,010 accessions ([@r21]). A new haplotype, Hap_III, was found in Chinese varieties which encodes an active SPY with R833 but contains a substitution of S9 with T ([Fig. 2*B*](#fig02){ref-type="fig"}). Similar to the trend in the Japanese breeding process, the frequency of Hap_I was increased in modern Chinese varieties ([Fig. 5*C*](#fig05){ref-type="fig"}).

![Transition and selection of *OsSPY* haplotypes during rice domestication and breeding. (*A*) Haplotype frequency in Japanese landraces and modern varieties before and after 1960. Percentages and numbers in parentheses represent percentages of haplotypes and number of varieties, respectively. (*B*) Genome-wide Nei's genetic distance. The red arrow indicates the position of *OsSPY*. (*C*) Haplotype frequency in Chinese landraces and modern varieties. (*D*) Haplotype network of *OsSPY* using genotype data (1,529 rice accessions of *O. rufipogon* and *O. sativa*) ([@r22]). Blue, red, and gray ellipses indicate Hap_I, Hap_II, and Hap_III, respectively. (*E*) Haplotype frequency in different ecotypes of the 1,529-rice panel. Numbers in bars represent percentage of haplotypes and number of accessions (parentheses). (*F*) EHH decay of *OsSPY* in temperate *japonica* of the 3,010-accession panel ([@r21]). Zero indicates the position of *OsSPY*. Blue, red, and gray lines represent EHH decay of Hap_I, Hap_II, and Hap_III, respectively. The right side of the *x*-axis corresponds to the terminal end of Chr 8.](pnas.1904964116fig05){#fig05}

We further compared *OsSPY* haplotype frequency among rice ecotypes using 2 public databases. With the 1,529 accessions by Huang et al. ([@r22]), we first performed a haplotype network analysis and predicted that Hap_I and Hap_II would be derived from Hap_III ([Fig. 5*D*](#fig05){ref-type="fig"}). In this process, the original amino acids, T9 and R833, in Hap_III could be replaced with S in Hap_I and L in Hap_II, respectively. This prediction was also supported by the comparison of amino acid sequences of OsSPY in the genus *Oryza* ([@r23]) ([*SI Appendix*, Fig. S20](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). *Indica*, *aus*, and subgroups of *O. rufipogon* (except Or-IIIa) primarily contained Hap_III, whereas *japonica* and *O. rufipogon* subgroup Or-IIIa contained Hap_II ([Fig. 5*E*](#fig05){ref-type="fig"}). This analysis was also conducted using the 3,010 accessions ([@r21]), and the same results were obtained ([*SI Appendix*, Fig. S21](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). We calculated an extended haplotype homozygosity (EHH) in temperate *japonica* around *OsSPY* and found that the EHH decay rate was 575.0 kb for Hap_I and 69.5 and 31.2 kb for Hap_II and Hap_III, respectively ([Fig. 5*F*](#fig05){ref-type="fig"}). To test the EHH results, we also measured the integrated haplotype score (iHS); the iHS of Hap_I (derived) and Hap_III (ancestral) was included in the top 1% of the empirical distribution on Chr 8 ([*SI Appendix*, Fig. S22](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). These results confirmed that Hap_I had recently been subjected to positive selection in temperate *japonica* through plant breeding.

Discussion {#s7}
==========

PCA is an effective means of collecting information from complex, multiple traits that are highly correlated; furthermore, it is valuable for extracting underlying factors for traits by dimension reduction. A GWAS using PC scores as dependent variables is proposed as a strategy for performing efficient GWAS. First, this strategy can decrease the likelihood of a type I error rate by avoiding multiple testing ([@r9], [@r24]). Second, PC scores produced by PCA can transform the skewed original variables into approximate normal distribution, which results in robust, reliable GWAS results ([@r25], [@r26]). Third, GWAS using PC scores may detect genomic regions that could be overlooked by using individual traits, since PC scores represent integrated variables.

In this study, PCA on 8 architectural traits revealed that PC1 captured 62% of variations for most traits, whereas PC2 captured 16% of variations that primarily impacted days-to-heading ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}); thus, PC1 is a good indicator for plant architecture. Using the PC scores for GWAS, we identified significant peaks associated with PCs; these included genes previously reported for regulating plant architecture along with other peaks that were considered novel. The peak with the strongest effect on PC1, the most important index for plant height and panicle structure ([Fig. 1*C*](#fig01){ref-type="fig"}), was further investigated. Genetic studies confirmed that *OsSPY* is a causal gene for this peak and responsible for plant architecture. *OsSPY* functions as a negative regulator in GA signaling by enhancing the suppressive function of DELLA proteins ([@r13], [@r15]). Thus, we considered GA signaling to be a major mechanism regulating plant architecture. This was confirmed by studies using 9 isogenic plant types showing different levels of GA signaling. In general, PCA for these isogenic plants was very similar to the GWAS panel except for the days-to-heading trait; this might have been caused by allelic variation in heading genes that are only present in the GWAS panel.

It is well-known that GA is an important regulator for plant height. To enhance lodging resistance, breeders have developed semidwarf varieties with lower levels of GA accumulation or signaling. However, reductions in plant height may have negative effects on panicle size and crop productivity; furthermore, our results show that GA signaling also regulates plant architecture, especially panicle structure. Recently, Wu et al. ([@r27]) reported that high levels of GA accumulation by GA20ox1 are desirable for increasing crop yield, although the effects of this gene on plant architecture were not discussed.

Due to trade-off effects, enhancing GA effectiveness would increase lodging risks and decrease panicle numbers per plant. This trade-off effect is not limited to the GA response mechanism. In fact, several genes that induce large panicle size, such as *SCM3* ([@r28]), *NAL1* ([@r29], [@r30]), *IPA1* ([@r31][@r32]--[@r33]), and *OsOTUB1* ([@r34]), simultaneously decrease panicle numbers per plant. Therefore, to breed rice varieties with large panicle size and number, it is essential to identify novel genetic mechanisms that can disrupt or attenuate trade-off relationships ([@r5]). The present study showed that PCA provides useful information on potential mechanisms for breaking trade-off relationships. Our PCA results revealed that variations in panicle number were equally divided into PC1 and PC2 ([Fig. 1*B*](#fig01){ref-type="fig"}), indicating the presence of unknown factors regulating panicle number without affecting PC1 score. Peak regions for PC2 could contain genetic factors that regulate panicle number independent of GA signaling.

In order to study the transmission of *OsSPY* alleles, haplotype frequency was calculated for various rice ecotypes and 3 haplotypes were identified for *OsSPY*. In wild rice (*O. rufipogon*), ∼75% of Or-IIIa subtypes were Hap_II, while other subtypes (Or-I, Or-II, Or-IIIb) were Hap_III ([Fig. 5*E*](#fig05){ref-type="fig"}). In contrast to *indica*, *aus*, and *aromatic*, Hap_II was predominant in *japonica* rice ([Fig. 5*E*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S21*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)). These observations agreed with the model of rice domestication proposed by Huang et al. ([@r22]). According to their model, *japonica* was domesticated from Or-IIIa in southern China and was subsequently crossed to Or-I in southeast and southern Asia, resulting in the generation of *indica*. On the basis of this model, we can discuss the transmission of the *OsSPY* haplotype as follows. Hap_II was generally a minor haplotype in *O. rufipogon*, but was dominant in the subtype Or-IIIa. Hap_II was transmitted into ancient *japonica* from Or-IIIa, the ancestor of domesticated rice, in the process of *japonica* domestication, and allele frequency was maintained in *japonica*. During the domestication of *indica*, the haplotype frequency of Hap_III in Or-I was also maintained in *indica*. Thus, *OsSPY* was not targeted by artificial selection in the process of *japonica* or *indica* domestication. In contrast, Hap_I, a haplotype present only in temperate *japonica*, has been selected in the modern breeding process. Hap_I frequency in modern temperate *japonica* varieties was much higher than Japanese and Chinese landraces ([Fig. 5 *A* and *C*](#fig05){ref-type="fig"}). Furthermore, EHH statistics showed that the EHH decay rate was lower in Hap_I than in Hap_II or Hap_III ([Fig. 5*F*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S22](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental)).

Interestingly, the *OsSPY* transition from Hap_II to Hap_I in Japanese cultivated rice occurred early in the 20th century ([Fig. 5*A*](#fig05){ref-type="fig"}), which corresponds to a rapid increase in nitrogen input during agricultural production ([@r35]). It is well known that *sd-1* ([@r36]) was the causal mutation for the rice "Green Revolution" during the 1950s and 1960s. Although the selection of Hap_I of *OsSPY* occurred earlier than Green Revolution, both events were essentially identical in terms of the underlying driving forces and mechanisms. That is, both depended on the introduction of semidwarf varieties to enhance lodging resistance during increased fertilization, and the causal genes were involved in GA synthesis or signaling ([@r37]). It is very likely that breeders independently used GA-related genes, *sd-1* and *OsSPY*, to develop new varieties adapted to high nutrient conditions. From the current viewpoint of sustainable and environmentally friendly agriculture, new rice varieties with moderate crop yield and limited nutrient input are more desirable (38). In this context, the replacement of Hap_I with Hap_II in *OsSPY* could be an approach to maintaining crop yield in low nutrient conditions, along with the utilization of genes controlling panicle number and nutrient use efficiency.

Materials and Methods {#s8}
=====================

Detailed descriptions of plant materials, population genetic analyses, and molecular methods can be found in the [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904964116/-/DCSupplemental).
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